Membrane structures are intensively paid attention as large deployable and light-weight structures. Membranes are vulnerable to wrinkles resulting in the degradation of structural performance. We suggest a new wrinkle detection method using elastic wave propagation on the membranes as an alternative and supplementary way of optical methods using cameras. In this paper, elastic wave propagation behavior in the wrinkled membrane is analytically investigated by simplifying a wrinkle as the combination of thin plane plates and circular plates. Effects of the frequency of elastic waves and the curvature of wrinkle on the reflection/transmission of the waves at the wrinkle are investigated. The wave transmittance across the wrinkle is calculated and discussed to propose a detection method of wrinkles in membranes. Experimental demonstration of wave propagation in wrinkled membrane is performed using piezoelectric actuators and Multi-axis Vibration Evaluating System (MaVES). It is confirmed that elastic waves with frequencies below the circular frequency cannot propagate across the wrinkle, while waves with higher frequencies can transmit through the wrinkle.
Introduction
Thin membrane structures are intensively paid attention as light-weight and large scale structures for spacecraft, for example, solar sails, large antennas, solar power concentrators and transmitters, sun shields 1) . They are folded compactly in rockets and developed in the space to occupy quite large area. The tensioned membrane structures have many technological and engineering applications. However, because of their flexibility, membrane structures cannot support compressive stress, and they are vulnerable to wrinkling. Wrinkles harm the performance and reliability of structures. Theoretical studies started from a tension field theory of Wagner 2) and Reissner 3) , and the theories have been continuously developed 4, 5) to predict wrinkling behavior in membranes. Recent and future space missions require high precision of large space structures including membranes, and control of membrane surface shape is investigated. The wrinkle states on orbit are generally unpredictable in advance, and it is necessary to develop the method to identify the wrinkle states and to modify the membrane shapes on orbit. The wrinkle detection and repair on orbit is one of the major challenges to contribute high-performance large membrane structures. This study focuses the on-orbit detection method of wrinkles in membranes.
One of the promising methods to detect the membrane states on orbit is the visual inspection using cameras. Several image-based methods have been developed. For example, Dot-Projection Photogrammetry 6) uses hundreds of dots projected on the surface, and shape from shading 7, 8) can compute three dimensional shape of membranes from the data of brightness in one picture.
In this study, we suggest a detection method based on the propagation of elastic waves as an alternative and supplementary way of optical methods. Our previous study 9) utilized elastic waves along the wrinkle direction. Wrinkles in membranes induce the cross-sectional change leading to increase in cross-sectional second moment of inertia. Phase velocity of bending wave depends on wrinkle amplitude, and the wrinkle-dependent wave dispersion behavior was used for the wrinkle detection.
This study utilizes travelling elastic wave perpendicular to the wrinkles. A cross section of a wrinkle in membrane is shown in Fig. 1 . When elastic waves propagate through a membrane with a wrinkle, the curvature of membrane is different between plane area and wrinkled area. If the incident wave has some modes that are highly affected by the change of the curvature, a part of the wave will be reflected at the boundary. By measuring the reflected waves or the transmitted waves, the wrinkle can be detected like nondestructive testing by the ultrasonic. In this study, we carry out the theoretical forecasting of the behavior of elastic waves on wrinkled membrane under some approximation, and derive the relationship between the transmittance of waves and the wave frequency, which depends on wrinkle curvature. A wrinkle detection method based on the wrinkle-state-dependent transmittance behavior is proposed. Finally, the concept of the proposed method is verified by the experimental measurement of elastic wave propagation behavior in a wrinkled membrane.
Waves on Membranes

Elastic waves on plane membranes
Propagation region of elastic waves in a membrane is restricted by upper and lower free surfaces. Elastic waves are reflected by these surfaces and they form Lamb waves. Consider a membrane lying in the x-y plane and its mid-plane is taken at z = 0 as shown in Fig. 2 . The y axis is perpendicular to the direction of the wave propagation.
When deformation is constant in the y-direction, the relationships between the phase velocity of Lamb waves, , and the product of half thickness and angular frequency, , can be derived from the following equations 10) .
(1) In these equations, and are Lame's constants of the membrane, and is the density of membrane.
These equations show that phase velocity depends on only the product of half thickness and angular frequency, . It is noted that tensile stresses are negligible in the direction perpendicular to the wrinkle. The effect of tensile stresses on the phase velocity is not taken into account in the present analysis.
Lamb waves have two mode families. One is symmetric "S mode", and the other is anti-symmetric "A mode". The former mode mainly exhibits in-plane deformation, while the latter deforms out of plane. The deformation of surfaces and the displacement vectors in x-z plane are shown in Figs. 3 and 4 for the lowest orders of S mode and A mode (i.e. S0 mode and A0 mode), respectively. Fig. 5 is the dispersion curves indicating the relationship between the phase velocity and for the first four modes. The properties used in Fig. 5 are shown in Table 1 . 
Elastic waves on curved membranes
When it is assumed that the wrinkle shape is represented by circular thin plate, the Lamb wave equations for circular plates can be used for wrinkled portions in membranes. The equations of circumferential Lamb waves on a cylindrical membrane can be derived from equations in polar coordinates 11) . In this case, phase velocity is a function of , the thickness and the curvature of the cylindrical membrane. The relationship between the phase velocity and the product of half thickness and angular frequency, , is shown in Fig. 6 when the ratio of half thickness to curvature radius is 0.025.
Dispersion curves in Fig. 5 and Fig. 6 are very similar. The difference between the two appears only in S0 mode in the low frequency range. In the case of the plane membrane, the phase velocity of low frequency S0 mode is nearly constant (see Fig. 5 ). On the other hand, the phase velocity of S0 mode of the curved membrane diverges to infinity in the low frequency range. This difference indicates that low-frequency wave propagation behavior in the curved membrane differs from that in the plane membrane. It is considered that this difference can be used to detect wrinkles. Note that Figs. 5 and 6 also show that higher order modes cannot propagate when the product of angular frequency and half thickness is small, which means that only S0 and A0 modes should be taken into account in the membrane structures. 
Approximation by beam waves
The equations of Lamb wave are written in implicit form as Eqs. (1), (2), and those of circumferential waves are expressed in more complicated forms. These forms are not convenient to analyze the reflection and transmission behavior of elastic waves traveling across the wrinkle. Instead, when the membrane is very thin and the wrinkles have uniform shape in y direction, the low-frequency parts of these equations can be simplified as beam waves. As indicated in the previous section, only S0 and A0 modes should be considered in the wrinkled membrane, S0 and A0 modes can be approximated as the longitudinal wave and the flexural wave of the beam, respectively. Governing equations of curved thin beams are summarized in the following Eqs. (3)- (8) 12) in the coordinate system shown in When the thickness of the membrane is in order, and the frequency of traveling waves is in the range up to MHz order, the above-mentioned validity of beam approximation holds.
Calculation of transmittance across the Wrinkle
It was found that low frequency longitudinal waves exhibit different propagation behavior between the plane and the wrinkled area. It is forecasted that the waves in the low-frequency region are reflected by the wrinkle and the transmittance becomes low due to this difference. To analyze and predict the wave reflection and transmission behavior at the wrinkle, the membrane is represented by the combination of plane and curved beams as shown in Fig. 10 . Although the curvature of real wrinkle is not constant, it is assumed that the wrinkled area is constructed of three arcs with the same curvature as shown in Fig.11 . Based on this model, the relationship between the transmittance of longitudinal waves and the wave frequency is derived in the following way. As shown in Fig. 11 , incident waves and reflected waves are considered in each beam region. Two straight regions have infinite length, and the rightmost straight beam does not have reflected waves. The longitudinal and flexural beam wave equations are given in each region in terms of displacement, force, moment and rotation angle. Considering the continuity conditions at boundaries of each beam, the incident and reflected wave amplitudes can be calculated. In the present study, the transmittance is defined by the amplitude of incident longitudinal wave in the rightmost straight beam divided by the amplitude of incident longitudinal wave in the leftmost straight beam. Equations for the calculation are summarized in Appendix A. The transmittance of flexural waves can be also derived in the similar way. The transmittances of longitudinal and flexural waves are plotted as a function of wave frequency in Fig. 12 . Material properties used for the calculation are summarized in Table 2 .
In the high frequency region (over 10 kHz) in Fig. 12 , transmittance of longitudinal waves is nearly 1.0. In this high transmittance area, the wave number of longitudinal waves in the circular beams, which is expressed by the following Eq. (12) , is real, while it is imaginary in the low transmittance region (below 10kHz). (12) Therefore, the critical frequency, which characterizes the boundary between high transmittance area and low transmittance area, can be easily derived from Eq. (12) . This critical value is called as "circular frequency" and given by the following equation. (13) In the example shown in Fig. 12 , the circular frequency can be calculated as about 9.8 kHz using Eq. (13) . This frequency agrees well with the transition frequency (about 10 kHz) where transmittance changes dramatically as shown in Fig. 12 .
The circular frequency is proportional to the phase velocity of longitudinal waves and the curvature of wrinkle. Wrinkles with larger curvature can shut longitudinal waves with higher frequencies. On the other hand, flexural waves show high transmittance in all frequency regions, and it is forecasted that flexural waves can propagate across a wrinkle.
Wrinkle detection method
Based on the above discussions, the following wrinkle detection method is proposed in this study. Longitudinal waves with a specific frequency are excited on the membrane. The incident (or exited) waves below the circular frequency cannot propagate across the wrinkle, and thus, the low-frequency longitudinal wave cannot be detected at the sensing point, when wrinkles exist between the exiting point and the sensing point. In the case of high-frequency incident waves over the circular frequency, the longitudinal wave can be detected because the transmittance is expected to be high. Moreover, when we change the excited frequency, the experimental curve of transmittance as a function of frequency, which is corresponding to Fig. 12 , can be obtained. From this curve, the circular frequency can be experimentally determined, and thus, the curvature of wrinkle (i.e. the size of wrinkle) can be estimated from Eq. (13) . It is also noted that the position of the wrinkle may be also estimated by measuring the traveling time of the reflected low-frequency wave at the exiting point.
When we utilize the longitudinal wave in membrane to detect the wrinkles, this method is not influenced by the stress in membrane. Although the present method was originally devised for the detection of wrinkles, it is also applicable to the detection of slack in principle.
Experiment
Experimental setup
In order to demonstrate the above-mentioned wrinkle detection method, experiments were performed for observing elastic wave propagation behavior on a wrinkled membrane. Experimental apparatus of a plane membrane and a wrinkled membrane is shown in Fig. 13 and Fig. 14, respectively . Polyethylene films WBW-R (Takeda Sangyo Co., Ltd.) were used for the membranes. Properties of WBW-R membrane is shown in Table 3 . Membranes were clamped at two ends as shown in Figs. 13 and 14 . On the membrane, Macro Fiber Composite (MFC) was mounted on the top surface as an actuator. When the voltage is applied, actuators extend toward its longitudinal direction. Both of longitudinal and flexural waves can be excited, however in this experiment, only in-plane vibration is focused on, because it is forecasted that flexural waves are not affected by the wrinkle and their velocity is quite smaller than the longitudinal waves. For the wrinkled membrane, two parts were attached at the both sides of the membrane to make an artificial circular wrinkle similar to Fig. 10 . Multi-axis Vibration Evaluating System (MaVES) 13) shown in Fig. 15 was used to measure the vibration of the membrane. MaVES has three laser Doppler sensors, and can measure three-axis vibration at a single point without contact. It can scan vibration data at multiple points by galvanometer mirrors equipped in the sensor head. In addition, motion of robot arm helps the measurement of larger area. The vibration data acquisition is synchronized with the motion of mirrors and robot arms by the software system. The sensor heads of MaVES have CCD cameras and scan the geometry and the dimensions of the target membrane. Measuring points can be set on the screen of PC and the positions of the points are automatically calculated. For this experiment 105 points with grid spacing of about 15mm were measured for each case. Accumulation of vibration data at multiple points on membrane results in measurement and visualization of elastic wave propagation on the membrane. An example of the visualized wave propagation behavior in a wrinkled membrane is described in Fig. 16 as a contour map of total displacement. The resolution and sampling rate of MaVES are shown in Table 4 . MaVES has laser Doppler sensors of which the resolution is given by velocity. In the following experiments, waves with 10 kHz and 40 kHz are utilized. The velocity resolution of MaVES is about 2 at 10kHz and 4 at 40kHz. The measured velocity in the following experiments is in the order of 100
. This means that membrane vibration is measured with satisfactory accuracy by this system. 
Low frequency waves on a wrinkled membrane
Five cycles sine waves with 10 kHz frequency were input to the MFC actuator, and elastic waves were excited to the membrane. This frequency (10 kHz) was lower than the circular frequency (20 kHz) of wrinkled area as shown in Table 3 . It was forecasted that these waves could not propagate across the wrinkle, and the amplitude of the sensed vibration at the sensor side was negligible. Time histories of in-plane vibration (displacement in the wave propagation direction shown in Figs.13 and 14) at the actuator side and the sensor side are compared in Fig. 17 for the case of a plane membrane and in Fig. 18 for the case of a wrinkled membrane.
In the case of the plane membrane, vibration was detected at the both sides (see Fig. 17 ). However, the measured amplitude at the sensor side in the wrinkled membrane was negligible compared to that of the plane membrane as shown in Fig. 18 . It is confirmed that longitudinal waves with 10 kHz frequency did not propagate across the wrinkle. It should be noted that the amplitudes of input voltage of MFC were same in these experiments. However, the vibration at the actuator side on the wrinkled membrane became large compared with that on the plane membrane (see Figs. 17 and 18 ). It is considered that this phenomenon resulted from the reflection of exited waves by the wrinkle. 
High Frequency waves on a wrinkled membrane
Twenty cycles sine waves with 40kHz frequency were excited by the MFC actuator. The voltage input to the actuator was same as the case of low frequency in section 3.2. The exited frequency (40 kHz) was higher than the circular frequency (20 kHz) of the wrinkled area as shown in Table 3 . Therefore, it was expected that waves propagated across the wrinkle. The measured vibrations are shown in Fig. 19 for the plane membrane and in Fig. 20 for the wrinkled membrane. In the case of high frequency waves, the vibration amplitude at the sensor side was small compared to the amplitude at the actuator side due to the damping by the medium even on the plane membrane. Comparison of the vibration amplitudes at sensor side between the plane membrane (red line in Fig. 19 ) and the wrinkled membrane (red line in Fig. 20) indicates that both amplitudes exhibit same order. This means that exited waves with 40 kHz frequency transmitted across the wrinkle. It is demonstrated that high-frequency waves can propagate across the wrinkle.
Note that the amplitudes of the actuator side on the wrinkled membrane were larger than that on the plane one. It is considered that this magnification comes from the effect of reflected waves by attached parts. Amplitudes of vibration at sensor sides of this experiment are summarized in Table 5 . The experimental and the theoretical transmittance are also shown in Table 5 for the cases of 10 kHz and 40 kHz. The amplitudes in the plane and wrinkled membrane are derived as half difference of maximum and minimum displacement in the wave propagation direction at the sensor side. To remove the effect of damping and diffusion, experimental transmittance was calculated as the amplitude in the wrinkled membrane divided by the amplitude in the plane membrane, as the input signals of the actuators were same between the two cases. Theoretical transmittance was derived by the method written in section 2.4 by using the material properties of Table 3 .
Although quantitative agreement could not be obtained in 40 kHz, high transmittance was confirmed at high frequency.
In conclusions, experimental measurements of the elastic wave behavior on the membrane indicated that longitudinal waves with frequencies lower than the circular frequency did not propagate across the wrinkle, while waves with frequencies higher than the circular frequency could transmit across the wrinkle. The principle of the proposed wrinkle detection method using elastic waves across the wrinkle was experimentally demonstrated.
The wrinkle shape modeled in this study is circular, and this assumption deviates from the situation of natural wrinkles. Further studies on the effect of wrinkle shape (e.g. wrinkle with non-constant curvature) on the wave transmittance across the wrinkle are to be investigated. The effect of wave propagation angle (inclined angle to the wrinkle) will be also further to be studied.
Conclusion
In this study, a new wrinkle detection method using the elastic waves across the wrinkle was proposed. Elastic waves propagating on plane and wrinkled membranes were approximated as beam waves, and transmittance of longitudinal waves across the wrinkle was calculated as a function of wave frequency. It was indicated that longitudinal waves with frequencies lower than the circular frequency are reflected by wrinkles and waves with frequencies higher than the circular frequency can propagate across the wrinkle. It was also shown that the critical frequency (i.e. circular frequency) depends on the curvature of wrinkles. Experimental measurement of elastic wave propagation on membranes was performed using MFC actuators and MaVES system. The experimental results suggested that elastic wave propagation behavior was influenced by the existence of wrinkles. Longitudinal waves with low frequencies were blocked owing to the wrinkle, while high frequency waves transmitted across the wrinkle. This experimental observation confirms the validity of the proposed wrinkle detection method. 
